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Abstract
Background: Delayed central conduction times in the auditory brainstem have been observed in
Mexico City (MC) healthy children breathing fine particulate matter (PM2.5) and ozone (O3)
above the current United States Environmental Protection Agency (US-EPA) standards. MC
children have α synuclein brainstem accumulation and medial superior olivary complex (MSO)
dysmorphology. The present study used a dog model to further investigate the potential effects of
air pollution on the function and morphology of the auditory brainstem.
Methodology: Twenty-four dogs living in clean air v MC, average age 37.1± 26.3 months,
underwent brainstem auditory evoked potential (BAEP) measurements. Eight dogs (4 MC, 4
Controls) were analysed for auditory brainstem morphology and histopathology.
Results: MC dogs showed ventral cochlear nuclei hypotrophy and MSO dysmorphology with a
significant decrease in cell body size, with many cell bodies < 100 µm2, a significant decrease in
neuronal packing density with many regions in the nucleus devoid of neurons and marked
gliosis. MC dogs showed significant delayed BAEP absolute wave I, III and V latencies
compared to controls.
Conclusions: Auditory nuclei dysmorphology and BAEPs consistent with an alteration of the
generator sites of the auditory brainstem response waveform are a common denominator for dogs
and children in highly polluted MC. This study puts forward the usefulness of BAEPs to study
auditory brainstem neurodegenerative changes associated with air pollution in dogs and its
potential use in young urbanites as a proxy for an evolving neurodegenerative process towards
Alzheimer Disease. Recognition of the role of non-invasive BAEPs in urban dogs is warranted to
elucidate novel neurodegenerative pathways link to air pollution and may be a promising early
diagnostic strategy for AD.
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Background

Air pollution is responsible for over 5.5 million premature deaths and 141.5 million years of
disability-adjusted life years in 188 countries (Forouzanfar et al., 2015). Environmental
pollutants, toxic industrial chemicals, pesticides, heavy metals, and hazardous wastes have
detrimental, sometimes irreversible impact upon the developing central nervous system in
children (Calderón-Garcidueñas et al., 2016a; Miller et al., 2016). Traffic-related air
pollution has increasingly been identified as an important contributor to adverse health effects
of air pollution and its impact extends from pregnancy to adult life (Kolosnjaj-Tabi et al., 2015;
Stieb et al., 2016; Basagaña et al., 2016;Wu et al., 2016; Porta et al., 2016; Chen et al., 2017).
Air quality in Mexico City (CDMX) has been recognized as among the worst in the world
(Bravo and Torres 2002; Parrish et al., 2011; WHO, 2016). Despite a number of actions and
restrictions imposed to curtail the air pollution during the past two decades, levels of PM2.5 and
O3 (ozone) have stayed significantly above the US EPA standards (US EPA 2014), leading to
continuously high exposures of today’s children and teenagers, starting in utero (Bravo- Alvarez
and Torres-Jardón, 2002; De Vizcaya-Ruiz et al., 2006; Querol et al., 2008; Davis, 2017).
Brainstem Auditory Evoked Potentials (BAEPs) represent a reliable means of evaluating the
integrity of the auditory nerve and brainstem (Strain et al., 1991; Wilson and Mills, 2005; Wilson
et al., 2006, 2011) and providing information of the neurologic and audiologic status of healthy
and high risk populations, including residents in highly polluted megacities (Scaioli et al.,
2009;Calderón-Garcidueñas et al., 2011).

For example we have reported that BAEPs in

clinically healthy children (8.05±1.4 year old) in Southwest Mexico City (SWMC) had
significant delays in wave III (t(50)=17.038; p<0.0001) and wave V (t(50)=19.730; p<0.0001),
and also significantly longer inter-wave intervals for waves I-III, III-V, and I-V (all t(50)>7.501;
p<0.0001) versus clean air controls (Calderón-Garcidueñas et al., 2011). These findings are
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consistent with delayed central conduction time of brainstem neural transmission. These SWMC
children also exhibited significant evidence of neuroinflammation, accumulation of α synuclein
in auditory and vestibular nuclei, significant dysmorphology in medial superior olive (MSO)
neurons, and alpha-synuclein neuronal aggregation (the early neuropathological hallmark of
sporadic Parkinson’s disease) (Calderón-Garcidueñas et al., 2011). The observed BAEPs
abnormalities in SWMC children were interpreted as a sign of auditory neuronal injury
associated with both neuroinflammation and neurodegeneration. This was thought to place these
children at high risk for auditory and vestibular impairment, particularly since none of these
abnormalities were present in low pollution matched control children (Calderón-Garcidueñas et
al., 2011).
Indications that air pollution could affect brain function in children warrant further investigation
using models that allow for greater integration of BAEP, morphological and histopathological
data. One such model is the dog, an animal on which there is an established history of BAEP
research (Sims, 1988; Fischer and Obermaier, 1994; Wilson and Mills, 2005; Wilson et al., 2006,
2011; Schmutz, 2014). The use of a dog model would allow researchers to study dog cohorts
with complete medical and air pollution exposure data. This allows for the study of associations
amongst BAEP results, auditory brainstem morphology and pathology, PM2.5 and O3 exposures.
Our previous work revealed significant dysmorphology in the human medial superior olive
(MSO), an essential auditory brainstem center (Calderón-Garcidueñas et al., 2011). Further, this
nucleus appears to be susceptible to neurodevelopmental disorders (Kulesza and Mangunay,
2008; Kulesza et al., 2011; Lukose et al., 2015). Because of the abnormalities in auditory
brainstem response observed in these animals, we therefore choose to examine the morphology
of the MSO.
In the present study, we aimed to determine if: 1. Dogs living in
polluted air showed signs of abnormal auditory brainstem morphology and/or histopathology
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compared with dogs in clean air cities. 2. Dogs living in polluted air showed abnormal BAEP
waveforms compared to dogs living in clean air.
A key question in the setting of air pollution impacting dogs and humans alike has to be asked:
Since non-invasive BAEPs abnormal studies in dogs are associated with brainstem nuclei
dysmorphology and high exposures to PM 2.5 and ozone are the common denominator for similar
findings in young urbanites, the key question is: Could BAEPs abnormalities in young urbanites
be a proxy for an evolving neurodegenerative process towards AD? We argue the answer is yes.

Methods
Study areas
Two study regions were used in this study: Mexico City Metropolitan Area (MCMA)
and Tlaxcala, Tlaxcala, a control city. Mexico City Metropolitan Area (MCMA) is the largest
urban center in North America and is a good example of extreme urban growth and massive
involuntary exposure of 24 million people to concentrations of O3 and PM 2.5 above the
Environmental Protection Agency (EPA) Standards (Bravo and Torres 2002; Parrish et al., 2011;
WHO, 2016, Calderón-Segura et al., 2004; Dzepina et al., 2007; Valle-Hernández et al., 2010;
Mugica-Álvarez et al., 2012; US EPA, 2014; Davis, 2017).
Its metropolitan area of over 2,000 square kilometers lies in an elevated basin 2,240 m above sea
level surrounded on three sides by mountain ridges, a broad opening to the north, and a narrower
gap to the south-southwest. Dogs (and humans) living in Southern Mexico City have been
exposed to significant concentrations of O3 and aerosols resulting from typical diurnal wind
transportation of air masses rich in these secondary pollutants towards smog receptor sites in
southern MCMA. In addition, they have high exposures to secondary tracers (NO3ˉ) and particles
with lipopolysaccharides (PM-LPS); volatile organic compounds (VOCs); PM2.5 and its
constituent organic and elemental carbon including polycyclic aromatic hydrocarbons; secondary
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inorganic aerosols (SO42-, NO3-, NH4+); and metals (Zn, Cu, Pb, Ti, Mn, Cr, V), (Figures 1-3)
(Osornio-Vargas et al., 2003; Dzepina et al., 2007; Querol et al., 2008; Valle-Hernández et al.,
2010; Vega et al., 2010). Finally, they also have high exposures to total PAHs including benzo
[a] pyrene (Marr et al., 2006). These semi-volatile compounds are emitted mainly by
uncontrolled sources such as diesel motor vehicle, biomass and garbage burning (Figure 4). The
control city has relatively few contributing emission sources from industry and cars and good
ventilation conditions due to regional winds (Calderón-Garcidueñas et al., 2001, 2002, 2003).

Experimental Animals
The study protocol was approved by the Institutional Animal Care and Use Committee at the
Instituto Nacional de Pediatría (INP). Procedures used were in accordance with the guidelines of
the INP on the Use and Care of the Animals, the regulations of the NOM-062-ZOO-1999
Official Mexican Standard and the Guide for the Care and Use of Experimental Animals and the
standard in the Guide for the Care and Use of Laboratory Animals (NIH publication No. 86-23).
The INP provided full veterinary daily care of the dogs included in this study. All of the dogs
had been raised by their dam for 6 weeks, before weaning onto a commercially-available puppy
food (Puppy, Pedigree®, MN, US). The food was changed to an adult formula (Pedigree®, MN,
US) when they reached 12 months of age and water was provided ad libitum. The dogs were
housed in outdoor-indoor kennels and husbandry was in compliance with the American
Association of Laboratory Animal Certification Standards. All dogs had current vaccination
status and underwent daily veterinary observation, regular anti-helmintic treatment for internal
worms, daily clinical examinations, and weekly neurological examinations. Otoscopic
examinations were performed by our veterinarians to rule out any disease of the external ear
and/or eardrum that could interfere with hearing.
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The dogs living in polluted air were 12 healthy dogs bred and raised at the INP animal facility
located in Southwest MC. The control dogs living in clean-air were 12 dogs whelped and housed
in an outdoor-indoor kennel located in the control city. Clean air controls were called CNTL.

Necropsies and tissue preparation
Four Mexico City dogs (32.2±17.6 months) and 4 controls (56.7±49.7 months) were selected for
brain histopathological studies. Animals were euthanized with an overdose of sodium
pentobarbital (Pisabental PISA, Mexico). Brains were removed from the skull within 3 minutes
after death, and brains were trimmed to include the cochlear nuclei and SOC and placed in
cryoprotectant (30% sucrose and 4% paraformaldehyde in 0.1 M phosphate buffer [PB], pH 7.2)
until they were saturated. Tissue blocks were sectioned on a freezing stage microtome at a
thickness of 40 µm and free floating sections were collected in 3 wells. Sections from the first
well were collected in PB and mounted from cresyl gelatin in series and stained for Nïssl
substance with Giemsa. Sections from the second well were collected in distilled water and
stained for myelin and Nïssl substance. After staining of slides from wells one and two, the slides
were passed through ascending alcohols, cleared and sealed under coverslips. Giemsa-stained
tissue sections were examined with an Olympus BX45 microscope. The nuclei of the dog
superior olive were identified based on the delineations described previously (Goldberg and
Brown, 1968). Cell body profiles of MSO neurons were traced at a final magnification of 1000X
and tracings were quantified using Image J (2.0; Fiji). The software was calibrated to a standard
scale bar and for all cell body profiles, an index of circularity was calculated using the following
equation: Circularity = [4π*Area/Perimeter2]. For morphometric analysis, classification of cell
body morphology was made using objective criteria. Specifically, neuronal profiles were
classified as fusiform if the major axis/minor axis was >3. If the circularity measure for a given
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profile was >0.6, the profile was classified as ‘‘round’’; all remaining profiles were classified as
stellate. We have previously correlated each of these criteria with distinct cell body
morphologies in the human MSO (Beebe et al., 2014; Kulesza, 2014; Lukose et al., 2015).

Brainstem auditory evoked potentials (BAEPs)
BAEPs assessments were performed under general anaesthesia using a mixture of xylazine
(Rompun®) 7 mg/kg/IM, atropine sulfate (Atropisa®) 0.05 mg/kg/IM and tiletamine +
zolazepam (Zoletil®) 10 mg/kg/IM. All BAEP assessments were completed in a sound
attenuating room using the Biopac system®, Model MP100, ERS100. The average duration of
the BAEP assessment was approximately 10 minutes per dog. The BAER protocols used were
based on Kemper et al. (2013) and are described below. To elicit each BAEP, acoustic click
stimuli (driven by 0.1 ms electrical square wave stimuli of rarefacting polarity were presented at
90 dB nHL (referenced to human hearing) and 11.4 clicks per second through model ER-3A
insert earphones to the test ear. The non-test ear was masked during the recordings using white
noise at 40 dB nHL. To record the BAEP, each dog was placed in the right lateral recumbency,
and disposable stainless steel needle electrodes were placed subcutaneously at each dog’s vertex
(non-inverting) (equivalent to the Cz position using the international 10–20 system of electrode
placement in humans), and rostral to the tragus of the test ear (inverting) and non-test ear
(ground). Electrode impedances were maintained at <5 kΩ as measured by the Biopac system®
‘‘impedance check’’ function. A 300–3000 Hz bandpass filter was employed to reduce the
presence of extraneous signals and 1000 thousand sweeps were amplified and averaged for each
BAEP recording. Two BAEP waveforms (forming a ‘‘pair’’) were recorded from each ear of
each dog. These waveforms were labelled ‘‘raw’’ BAEP waveforms. Raw BAER waveforms for
each ear of each dog were averaged to give one BAER waveform for each ear of each dog.
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BAER waveforms were analysed for the absolute latencies of waves I, III and V and the
interwave intervals of I-III, III-V and I-V.

Statistical analyses
BAEP data were analyzed using IBM SPSS Statistics version 20 statistical package. Two sets of
dependent variables were used: 1) three BAEP peak latencies (I, III, and V) measured for the
right and left ear; 2) The BEAP peak-to-peak intervals, I-III, III-V, and I-V, for the right and left
side. Given the sample size, we compared the effects of dog group membership on the BAEP
latencies by using separate planned non parametric tests (Mann-Whitney U) examining the
pairwise mean differences for each BAEP peak and interval (as defined above). To buffer the
effects of multiple comparisons we adjusted the significance threshold at p < 0.03, using the
Simes-Bonferroni procedure. Data sets that met a normal distribution were compared using
parametric tests (i.e. t-test) and results are presented in the text and figures as mean ± standard
deviation (SD). Morphometric brainstem data sets were examined for normality using the
D'Agostino & Pearson normality test in GraphPad Prism 7.0 (La Jolla, CA). Data sets that failed
to meet a normal distribution were compared using non-parametric tests (Kruskal-Wallis).
Additionally, for the MSO a contingency table of neuronal morphology was constructed and the
distribution of this population was compared using a Chi-square test.

Results
Air pollution levels
Southwest Mexico City dogs in this study have been exposed to concentrations of PM2.5 and
O3, above the current EPA standards for their entire life (Figures 1-4). The climatic conditions in
SWMC are relatively stable through the year thus pollutant concentrations are relatively uniform
without strong variations. According to data from the government air quality monitoring
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network, during the 2002-2012 period that includes the period the dogs have lived in SWMC, the
PM2.5 3-year averages of annual average concentrations in the representative monitoring stations
were always above the respective primary PM2.5 US EPA annual standard of 12 µg/m3. This
standard is attained when the 3-year average of annual means is less than or equal to the above
mentioned concentration. In addition, the four highest daily maximum eight-hour average
concentrations for each of 3 consecutive years for O3 in the same monitoring sites for the 20022012 period (Figure 3) were above the current 8-h average O3 NAAQS of 75 ppb.
In the control city, previous studies in dogs have shown normal brain, respiratory and
cardiovascular tissues (Calderón-Garcidueñas et al., 2001, 2002, 2003).
Clinical evaluations
Dogs in SWMC as well as dogs with lifetime exposures to clean air at no time showed any
evidence of overt respiratory, cardiovascular, or neurological diseases. Their food and water
intake was within normal limits.
Auditory Brainstem Morphometry and Pathology
In control animals, the MSO is a U-shaped nucleus composed mainly of neurons with round/oval
cell bodies (Figure 5A). Control MSO cell bodies measured 261 µm2 (95% CI = 251-270 µm2).
In the four Mexico City animals, MSO neuronal cell bodies were significantly smaller and the
mean cell body size ranged in size from 106 to 158 µm2. This difference in cell body size was
statistically significant (Kruskal-Wallis, <.0001; Dunn’s multiple comparisons test, <.0001 for
all four animals). Indeed, at least 30% of the MSO neurons in each of the four dogs examined
had cell body areas smaller than 100 µm2 (Figure 5B).
In control animals, the MSO was composed of 72% round/oval neurons, 21% stellate and 7%
fusiform neurons. There was no difference in the distribution of neuronal morphologies among
the control animals (Chi square, p = .67). Moreover, the distribution of cell body morphologies
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in the MSO from the both 17m animals was significantly different from controls (figure 5C; Chi
square; p < .005). In the 17m animals, there were markedly more fusiform neurons.
Finally, in control animals, the neuronal density within the MSO measured 22.5 neurons per 0.1
mm2 (SD = 6.7, 95% CI = 19.84 - 25.26). In Mexico City animals, the density of MSO neurons
measured 11.03 neurons/0.1 mm2 (SD = 5.1, 95% CI = 9.53 - 12.52) (Figure 5D). This difference
in neuronal density was statistically significant (ANOVA, <.0001; Dunnett’s multiple
comparisons test; p<.0001, except for control vs 17m, p = .001). Notably, within each of the
MSO there were large patches that were devoid of neurons (asterisks in figure 5E).
Hypotrophy of the ventral cochlear nuclei (VCN) was significant in MC dogs. In both divisions
of the VCN, there was focal gliosis, a loss of cell body orientation (relative to incoming auditory
nerve fibres) and significant loss of neurons. Additionally, there was a marked increase in very
small fusiform neurons, which are typically rare in the VCN.

BAEPs
The subjects from the two groups, dogs from Mexico City (MXC) living in polluted air and
control dogs (CNTL), did not have significant between-group variability in the distribution age
(p = 0.843) or gender (p = 0.755) (Tables 1A,B,C). Since no morphological or amplitude
anomalies were found, our analysis was focused on the most commonly reproducible BAEP
components in healthy dogs with typical development (Eger and Lindsay, 1997; Wilson et al.,
2005, 2011; Kemper et al., 2013).
Tables 2A and B show the statistics for the latencies of the BAEP peaks split by groups. The
comparisons revealed that the MXC group showed significant delays in all the BAEP peaks
examined as compared to the Control dogs from the less polluted city. Therefore, the time of
occurrence or latency of all peaks showed a consistent delay shift.
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We did not find any significant differences (range of nonsignificant p-values for all comparisons
was: 0.16-1.0) in the effects of the groups on the BAEPs intervals (I-III, III-V, and I-V) (Tables
3A and B), indicating that the inter-peak time distances remained similar in all groups.

Discussion
Mexico City air pollution is a serious health problem for 24 million human residents and millions
of their dog companions. The results of the morphometric analysis of auditory brainstem showed
severe damage to key auditory nuclei in healthy young animal facility dogs with lifelong
exposures to concentrations of PM2.5 and O3 above the current US EPA standards. This was seen
in the hypotrophy of the ventral cochlear nuclei (VCN), severe dysmorphology and decreased
neuronal packing density in the MSO and gliosis. The potential functional effects of this damage
are serious, as the cochlear nuclei receive all input from the cochleae for distribution to the rest
of the central auditory system (Godfrey et al., 2016), while MSO neurons specialize in temporal
processing of low-frequency sounds for binaural hearing and precise geometric organization of
the nucleus is essential for detection of timing differences between the two ears (Kulesza, 2007;
Kulesza and Mangunay, 2008; Beebe et al., 2014; Nothwang, 2016). The MSO dysmorphology
observed in Mexico City dogs is similar to the changes described in SWMC children with
sudden accidental deaths, and no risk factors for diseases involving auditory nuclei (CalderónGarcidueñas et al., 2011). Similar changes have been observed in post-mortem brainstem
samples from autistic individuals with striking disruption in the morphology of MSO neurons
involving cell body shape and orientation (Kulesza and Mangunay, 2008).

The importance of our current results and previous MC children’s studies goes beyond
the auditory impact, first it will give us the opportunity to execute early, noninvasive screening
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for auditory performance leading to identification, diagnosis, and management of hearing
impairment (Hall, 2015; Jerger and Hayes, 1976) and it will allow us to define the clinical
relationship between auditory brainstem damage, cognitive deficits, and academic performance
associated to environmental exposures in urban children: This is the crucial impact.
We have shown that young MC residents exhibit frontal tau hyperphosphorylation and
amyloid-β (Aβ)1 - 42 diffuse plaques, aggregated and hyperphosphorylated α-synuclein in
olfactory nerves and key brainstem nuclei(Calderón-Garcidueñas et al., 2008, 2010,2013,2014,
2016, 2017). Epidemiological data and experimental animal studies support our thesis that highly
exposed Mexico City children with synergistic risk factors such as insulin-metabolic
derangements, metabolic syndrome, obesity, T2DM, female sex, and APOE4 carrier status are at
significantly increased risk for developing neurodegeneration, particularly AD (CalderónGarcidueñas 2016). Further, high exposures to endotoxins, metals, polycyclic aromatic
hydrocarbons (PAH), and high-temperature, combustion-derived iron-rich magnetite in high
concentrations measured in the brains of young MC residents likely contribute to the cascade of
events conducing to neuroinflammation and neurodegeneration (Calderón-Garcidueñas 2011,
2016,2017; Maher et al., 2016). We will be in the position to define if the auditory brainstem
abnormalities are a proxy for an evolving neurodegenerative process towards Alzheimer disease.
The brainstem is key for the regulation of the sleep/waking cycle and normal sleep architectonics
and for a number of auditory, vestibular, autonomic, oculomotor, somatomotor and
somatosensory functions (Rüb et al., 2016). Key ascending dopaminergic, cholinergic,
noradrenergic, serotonergic systems are located in the brainstem (Rüb et al., 2016).
The auditory brainstem system (i.e. inferior colliculus, superior olive, dorsal cochlear nucleus) is
not exempt from Alzheimer pathology: Ohm and Braak (1989) described patients with AD
showing amyloid plaque formation in the central nucleus, dorsomedial nucleus of the inferior
colliculus and in the deep layers of the dorsal cortex of the inferior colliculus. Neurofibrillary
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tangles were rare but seen in the dorsal cochlear nucleus, the periolivary region, the ventral
nucleus of the lateral lemniscus, and in the central nucleus of the inferior colliculus. Although
loss of differentiated cortical profiles of auditory location and pitch processing are described in
AD patients, i.e., processing auditory spatial variation in posterior cingulate cortex and
interactions of pitch and spatial variation in posterior insula, the very early occurrence of ADrelated cytoskeletal pathology in targeted brainstem nuclei suggests that exploration of affected
nuclei may be a searching probe of this interface and could give light to network failure in the
early stages of AD (Ohm and Braak, 1989; Albers et al., 2015; Golden et al., 2015, 2016; Rüb et
al., 2016).
The results of the BAEP assessments showed evidence of significant delayed BAEP absolute
wave latencies compared to controls, presumably resulting from damage to the generator sites of
the auditory brainstem response waveform ( as seen in the morphometric and histopathology
studies), but not the connecting pathways since the effects of the groups on the BAEPs intervals
(I-III, III-V, and I-V) is not significant, an indicator the inter-peak time distances remained
similar regardless of exposure. A major difference between MC children and dogs was the
delayed absolute latency for wave I originating from the peripheral portion of the VIII cranial
nerve adjacent to the cochlea, suggesting a cochlear lesion in dogs not subjected at any time in
their lifetime to noise levels affecting this sense organ. The middle ear lesions were not
contemplated in the differential diagnosis given the thorough normal otoscopy examination of
the dogs. Cochlear damage associated with hearing loss is generally caused by irreversible
damage to the sensorineural tissues (Wong and Ryan, 2015), particularly by oxidative stress and
inflammatory pathways (Fetoni et al., 2016; Tan et al., 2016). In the daily clinical practice,
several intracellular mechanisms could also contribute to sensorineural cochlear damage,
including common pathologies such as middle ear inflammation with fluid accumulation and
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disruption of cochlear homeostasis (Zhang et al., 2015). Zhang and coworkers have shown
lipopolysaccharide (LPS)-evoked middle ear infection disrupts inner ear fluid balance, with a
significant impact upon the intra-strial fluid-blood barrier, essential for cochlear homeostasis
(Zhang et al., 2015). Of importance for our work, systemic LPS-induced inflammation produced
significant increases in cochlear expression of several powerful inflammatory cytokines:
interleukin-1α, interleukin-6, monocyte chemotactic protein-1, macrophage inflammatory
protein-1α, and RANTES (Quintanilla-Dieck et al., 2013). Children from SWMC (aged 9.7 ±1.2
years) exhibited systemic inflammation, increased numbers of mCD14+ monocytes (p < .001)
and an endotoxin tolerance-like state (Calderón-Garcidueñas et al., 2009b) due to high exposure
to PM-LPS. A similar finding was reported using a mouse model, with the study authors
suggesting high exposure to LPS, such as may occur during environmental or occupational
conditions, may induce cochlear damage in dogs and humans (Quintanilla-Dieck et al., 2013).
Thus, the potential mechanisms for cochlear damage including oxidative stress, inflammation,
high systemic production of inflammatory cytokines and LPS-induced inflammation are all
present in SWMC residents (Calderón-Garcidueñas et al., 2009b, 2012b). It remains to be seen
the extent and characteristics of the cochlear pathology in Mexico City dogs, a gap requiring
extensive functional studies in both animal facility and pet dogs. Factors such as hypoxia, the
functional role of Toll-like receptor 4, the extent of the damage to the sensory inner hair cells,
IHC ribbon synapses or spiral ganglion neurons, the central plasticity and the impact of well
known neurotoxics such as organic solvents and heavy metals present in the environment need to
be carefully studied in Mexico City dogs (Sliwinska-Kowalska, 2015; Fan et al., 2016;
Vethanayagam et al., 2016; Moser and Starr, 2016; Chambers et al., 2016). An intriguing paper
from Kumar and Tandon (1996) describes “significant prolongation of latencies of wave I and III
indicating that conductivity of sensory impulse along acoustic nerve and pons is affected in
chronic smokers which may be attributed to adverse effect on myelination by nicotine and
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toluene present in tobacco smoke”. This is a key paper because in fact the fine and ultrafine
particulate exposure in Mexico City residents is equivalent to smoking one package of cigarettes
per day and in Beijing 40 cigarettes/day, thus megacity non-smoking residents have a huge
involuntary particle exposures (Dailymail, UK February 9, 2017).
The key differences in BAEPs results between dogs and humans include the delayed absolute
latency for wave I and the inter-peak time distances (I-III, III-V, and I-V) similar in controls
versus MC dogs. Factors such as the size of the generator nuclei, axon sizes and numbers,
integrity of axons and synaptic connections, metabolic variables, responses to oxidative stress
and protective systems at work, etc., might account for no differences with conduction times
between stations. Preliminary studies in control dogs indicate that the axons in the trapezoid
body (arising from the cochlear nucleus) are larger than have been observed in cats and even
humans. We propose that the axons in the dog auditory system are so large and fast that even a
significant drop in the number of axons does not impact relay speed.
Limitations, perspectives, and future directions
We acknowledge our main limitations include the relatively small group of dogs with detailed
pathology and morphometric evaluation. Both cochlear and extensive brainstem
histopathological studies are warranted in exposed dogs and clean air controls. The early
occurrence of damage to central auditory structures points to a key role of the auditory measures
for early detection of the damaging effects of air pollution. Further research into the relationships
between morphological abnormalities as shown on morphometric analysis, and functional
abnormalities as shown on BAEP analysis, is warranted to determine if the relatively easy to
conduct, non-invasive BAEP can serve as a functional tool for the early detection of these
targeted effects. Further research is also needed into the use of animal models to define the
relationships between auditory function using non-invasive methodology and air pollution. Such
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research could lead to the use of pet dogs as sentinels for monitoring the potential effects of air
pollution on human populations in megacities.

Conclusions

In summary, adding to the already accumulating evidence of detrimental neural effects of air
pollutants, we have shown data which document damage to the brainstem auditory system in
Mexico City dogs chronically exposed to high concentrations of PM2.5 and O3, endotoxins,
PAHs, etc. The present findings support the view that highly exposed dogs and children are at a
higher risk for developing auditory impairments and since neurodegenerative diseases such as
Alzheimer disease target auditory brainstem nuclei, identifying early determinants of risk
trajectories would greatly facilitate multidisciplinary prevention efforts for potentially modifying
disease course at early stages. We propose that neuroprotection of young MCMA residents
should be a public health priority.
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FIGURES
Figure 1. Three year average PM2.5 annual mean concentrations registered at the southwest

Mexico City Metropolitan Area (MCMA) from 2002 to 2012. The dashed line represents the
annual PM2.5 US-EPA National Air Quality Standard. Since PM2.5 measurements began in 2004,
data previous to this year were obtained from the slope of the correlation PM10 v PM2.5. Data
concentrations were obtained from the Air Quality Monitoring Network of the Government of
Mexico City.
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Figure 2. PM2.5 emissions inventory in MCMA for the year 2010. Diesel vehicles and industry are

the main sources of highly toxic PM2.5. Area sources include resuspension of dusts from paved
streets and roads.

Figure 3. Four highest daily maximum eight-hour average ozone concentrations from 2002
through 2012 at the monitoring site of Pedregal, southwest Mexico City Metropolitan Area
(MCMA).The dashed line represents the respective US-EPA National Air Quality Standard. Data
from the government of Mexico City air quality monitoring network.

Figure 4. (A) Sum of the average concentrations of 12 PAHs, and, (B) the average concentrations
of Benzo(a)pyrene in PM in several areas of North America and Europe. The sum of the PAHs
include: phenanthrene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(a)anthracene, fluorene,
fluoranthene, pyrene, chrysene, benzo(k)fluoranthene, dibenzo(a,h)anthracene, indene(1,2,3cd)pyrene, and Benzo(ghi)perylene. Data of PAHs are for the years: 2012 Canada sites; 2010
U.S.A. sites, 2005-2007 Mexico City sites, and July, 2004 France.

Figure 5. Dysmorphology in the MSO after pollution exposure. Shown in 5A is a reconstruction
of the dog SOC in the rostral medulla. The SOC is situated posterior and lateral to the fibres of
the pyramid (py) and medial to the abducens nerve (CN VI). The SOC includes the MSO, lateral
superior olive (LSO) and the medial, ventral and lateral nuclei of the trapezoid body (MNTB,
VNTB and LNTB, respectively). Shown in 5B is the distribution of soma sizes. These
populations were not normally distributed: the horizontal lines represent the median, dots mark
the mean, whiskers represent the 10th and 90th percentiles. MSO neurons in control animals were
significantly larger than those from MXC animals. Shown in 5C are the distributions of the
different cell body morphologies; these were dominated by round cells. Shown in 5D are the
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neuronal densities from the MSO. The neuronal densities were significantly lower in MXC
animals (whiskers represent the standard deviation).Shown in E are tracings of the MSO from
each of the specimens. The position of MSO neurons are marked with circles and regions of
neuronal loss are marked with asterisks. The scale bar in A and E both represent 1 mm.
Orientation arrows denote posterior (p) and medial (m). Key to symbols: *** p < .001, **** p <
.0001.

